Abstract. We report evidence for N (1710)P11, N (1875)P11, N (1900)P13, ∆(1600)P33, ∆(1910)P31, and ∆(1920)P33, and find indications that N (1900)P13 might have a companion state at 1970 MeV. The controversial ∆(1750)P31 is not seen. The evidence is derived from a study of data on pion-and photo-induced hyperon production, but other data are included as well. Most of the resonances reported here were found in the Karlsruhe-Helsinki (KH84) [1] and the Carnegie-Mellon (CM) [2] analyses but were challenged recently by the Data Analysis Center at GWU [3] . Our analysis is constrained by the energy independent πN scattering amplitudes from either KH84 or GWU. The two πN amplitudes from KH84 or GWU, respectively, lead to slightly different πN branching ratios of contributing resonances but the debated resonances are required in both series of fits.
Introduction
The existence of radially excited resonances and -if affirmedtheir mass pattern represents one of the most controversial issues in baryon spectroscopy (see, e.g., [4] for a recent review). Well known is the problem of the lowest mass nucleon excitation N (1440)P 11 , the so-called Roper resonance [5] . It is studied in many reactions, and its existence is beyond doubt. But its -compared to quark model calculations -low mass and its broad width has invited speculations that it could be dynamically generated and unrelated to (qqq) spectroscopy. In the P 11 -wave, discrepancies between different analyses show up above the Roper resonance. Höhler and collaborators [1] and Cutkosky and collaborators [2] identified two further states in the P 11 partial wave, N (1710)P 11 and N (2100)P 11 . Manley and Saleski [6] found two resonances as well, N (1710)P 11 and a state at 1885 MeV (listed under the N (2100)P 11 PDG entry [7] ) which is confirmed in a coupled channel analysis of photoproduction data [8] but not listed in the PDG listing as separate state. In [9] , observation of N (1710) P 11 and N (2100)P 11 was reported. Hence there seem to be two or possibly even three P 11 states with spin-parity J P = 1/2 + above the Roper resonance. However, in a recent analysis of a large body of πN elastic and charge exchange scattering data, only the Roper resonance was confirmed [3] putting into doubt the existence of the three candidate resonances above it. The authors in [10] suggest that the two lowest P 11 nucleon resonances, the Roper
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N (1440)P 11 and N (1710)P 11 , originate from a single bare state. In the P 13 wave, the existence of N (1720)P 13 is beyond doubt (even though not seen in [10] ) but the next state, N (1900)P 13 , was observed in none of the πN amplitude analyses [1, 2, 3] but only in coupled channel analyses [6, 11, 176] which included some inelastic channels.
A similar situation is found for ∆ excitations. In [3] , the lowest-mass resonance above ∆(1232)P 33 , the ∆(1600)P 33 resonance, is found with a much larger width than reported in analyses of elastic scattering data [1, 2, 6] and of inelastic reactions [6, 176, 13] . The ∆(1920)P 33 resonance is absent in [3] . To complete the low-spin positive-parity states, we mention ∆(1750)P 31 which is seen in some inelastic reactions [6, 9, 176] and not seen in the analyses of [1, 2] . In [3] , one pole is found in the P 31 wave at (M, Γ ) = (1771, 479) MeV which is consistent with ∆(1750)P 31 . A Breit-Wigner resonance yields M = 2067.9 ± 1.7 MeV and Γ = 543 ± 10 MeV. The four-star ∆(1910)P 31 is argued to be highly questionable. In [10] , the 3-star ∆(1600)P 33 and the two 4-star resonances ∆(1910)P 31 and ∆(1920)P 33 are all missing.
The situation is thus very unsatisfactory. The Particle Data Group bases the evidence for the existence of states nearly entirely on four analyses [1, 2, 3, 6] . The latest analysis by Arndt et al. [3] includes high precision data from the meson factories at LAMPF, PSI, and TRIUMF which constrain the low-energy region very precisely, and important measurements of spin rotation parameters (see [3] for a list of data). Hence one should expect that the analysis [3] should also be the most reliable one. But this analysis challenges the existence of many resonances. A strong argument in favor of the Arndt analysis is the correct prediction of spin rotation parameters [14, 15, 16] and of the backward asymmetry [17] in the elastic pion-proton scattering from ITEP/PNPI while the predictions from [1, 2] show clear discrepancies with the data. On the other hand, it is difficult to believe that the consistency between the older analyses is just fortuitous.
A difficulty in the partial wave analysis of πN elastic scattering data lies in the fact that the amplitudes cannot be constructed from the data on πN elastic (and charge exchange) scattering without theoretical input. For most energies and most angles, only the differential cross section dσ/dΩ and the target asymmetry (describing the distribution of the angle between scattering plane and target polarization) are known. From this data, the absolute values of the spin-flip and spin non-flip amplitudes |H| and |G| can be determined but not their phases. This continuum ambiguity can only be resolved by enforcing dispersion relations. Likely, the different use of dispersion relations is responsible for the differences between the old analyses of [1, 2] and the analysis presented in [3] .
In this paper we study the consistency of the πN → πN scattering amplitudes for low-spin positive-parity resonances from the analyses [1, 3] with the πN and γN transition amplitudes into kaon-hyperon and ηN final states:
The study of strangeness production has a few distinctive advantages. The differential cross sections for these reactions are known with reasonable accuracy and, due to the self-analyzing power of the final-state hyperons, the recoil polarization can be determined from the hyperon decay. Reactions (1a, 1d, 2a, 2e) are restricted to nucleon resonances, reaction (1b) to ∆ resonances, reactions (1c, 2b, 2c) receive contributions from both. Hence the isospin decomposition of the transition amplitude is defined by the data.
Here we use, alternatively, the energy independent elastic πN amplitudes from [1] or [3] , respectively, to find energy dependent amplitudes satisfying the data on elastic scattering and on reactions (1a)-(2e). In addition, the amplitudes are constrained by a large number of photoproduction data. The Cutkosky amplitudes [2] are mostly in between the Arndt and the Höhler amplitudes. We did not use these systematically since we did not expect additional insight.
The use of a large number of final states constrains the inelasticity of the πN amplitude which otherwise is a free fit parameter to be determined for every bin. This is a major advantage of this analysis compared to those of [1, 2, 3] . A major result of this analysis is that the existence and the properties of all resonances used here are hardly affected by the choice of elastic πN amplitudes [1, 3] . Only the πN coupling constants of resonances change, and even this change is moderate. We account for the difference by increasing the error in the πN branching ratios.
Finally, we comment on the naming scheme we adopt. We use the conventional names of the Particle Data Group [7] : N (mass)L 2I,2J and ∆(mass)L 2I,2J where I and J are isospin and total spin of the resonance and L the orbital angular momentum in the decay of the resonance into nucleon and pion. For resonances not included in [7] , we use N J P (mass) and ∆ J P (mass) which gives the spin-parity of the resonance. The latter scheme is adopted from the meson naming scheme and easily understood also outside of the baryon community. In this way, the reader can easily see which resonances are introduced here and which resonances found here are compatible with PDG values.
2 Data, PWA method, and fits Tables 1-5 summarize the data used here. Given are the reaction, the observables and references to the data, the number of data points, the weight with which the data are used in the fits, and the χ 2 per data point of our final solution BG2010-02. 
Data
dσ/dΩ 68 20 1.68 [19] dσ/dΩ 84 30 2.50 [24] dσ/dΩ 609 35 1.27 [24] P 304 30 1.58 [25] β 7 1000 1.97 [26] dσ/dΩ 259 30 0.77 [26] P 90 30 1.36 In the list of πN elastic scattering waves (Table 1) , we included the waves F 35 and F 37 but not F 15 and F 17 . The lowmass part of the F 15 πN elastic scattering amplitude is easily described by N (1680)F 15 but the contribution of higher mass states to the pion-induced reactions (1a), (1c), and (1d) is small and ambiguous. The Arndt solution [3] shows more structure than the Höhler solution [1] while in most other cases, the Arndt solution is smoother. At the moment, we have no reason to prefer one over the other one. The other partial waves are, however, not affected by this uncertainty. Higher-mass F -wave nucleon resonances do contribute to photoproduction and are included as multichannel relativistic Breit-Wigner amplitudes in the partial wave analysis of all reactions (1) and (2) .
The fit minimizes the total log likelihood defined by
where the summation over binned data contributes to the χ 2 while unbinned data contribute to the likelihoods L i . For convenience of the reader, we quote differences in fit quality as χ 2 difference. ∆χ 2 = −2∆L tot . For new data, the weight is increased from w i = 1 until a visually acceptable fit is reached. Without weights, low-statistics data e.g. on polarization variables may be reproduced unsatisfactorily without significant deterioration of the total L tot . The likelihood function is normalized to avoid an artificial increase in statistics. Tables 1-5 display the large number of pion-and photoinduced reactions used in the coupled channel analysis presented here. The data comprise nearly all important reactions including multiparticle final states. Resonances with sizable coupling constants to πN and γN are thus unlikely to escape the fits even though further single and double polarization experiments are certainly needed to unambiguously constrain the contributing amplitudes.
Recent partial wave analyses
At the time when new photo-production experiments came into sight promising precise data on differential cross section and on asymmetries due to photon-, target-and/or recoil-polarization, several groups enforced their efforts to re-fit older data on pionand photo-induced reactions, and new groups were formed. The aim was to be prepared for an analysis of the forthcoming data, to fit the data, to extract properties of baryon resonances and to give interpretations of the spectrum of resonances and of the reaction dynamics. This is not a review, hence we just quote from major groups a few recent papers or a review where references to earlier work can be found.
From the three "classical" analysis groups [1, 2, 3] , only the GWU group is still active in methodology [121] and data analysis [122] . Some of their recent results can be found in [123, 124, 125, 126, 127] . We mention here the work of Bennhold and Haberzettl and collaborators [128, 129, 130] , also working at GWU. The physics at MAMI (among other data) has been closely followed by the MAID group of Drechsel and Tiator [131, 132, 133, 134, 135, 136, 137, 138] . Smaller groups at Zagreb [139, 140, 141, 142] , Gent [143, 144, 145, 146] and KVI made significant contributions to the field [147, 148, 149, 150, 151] . A few further papers are to be mentioned [152, 153, 154, 155, 156] .
Strong groups have been formed at Jlab and Bonn/Jülich. At Jlab, the EXCITED BARYON ANALYSIS CENTER [157] was formed with the ambitious goal to extract and interpret properties of nucleon resonances from the world data of meson production reactions induced by pions, photons and electrons. In a dynamical coupled-channel model, πN elastic scattering [158] , photoproduction of pions [159] , the reaction π − p → nη [160] , and pion and photo-induced production of hyperons [161] are analyzed and properties of contributing resonances are determined. The Bonn/Jülich group has over the years developed a unitary coupled channel exchange model that obeys the strictures from analyticity [162, 163, 164, 165] . For kaon photoand electroproduction off protons, a gauge invariant chiral unitarity framework was developed in [166] . Also considered are Regge models [167, 168, 169, 170] and heavy mesons [171] . The Gießen group [172, 173, 174, 175, 176, 177, 178, 179, 180, 181] pioneered coupled-channel analyses of large data sets.
The PWA method
The approach used for the construction of amplitudes for pion and photo-induced reactions is described in [182, 183] . A shorter survey can be found in [8] . Here, we give explicit formulas for differential cross section and recoil polarization for pioninduced production of a spin-1/2 baryon and a pseudoscalar meson.
For πN transition into the channels πN , ηN , KΛ and KΣ, the amplitude can be written as
with z = cos Θ, Θ the scattering angle of the outgoing meson in the center-of-mass system (cms), and the decay plane normal
The amplitudes F ± L (s) are related to the scattering amplitude T ± L (s) known from S-matrix theory by
Here, q is the initial cms momentum, q its modulus, k is the final cms momentum. ω and ω ′ are the spinors of the nucleons in the initial and the final state, and ε µνj is the antisymmetric tensor. The functions F 
and the recoil asymmetry can be calculated as:
Near threshold, only contributions from S and P -waves are expected. For the S 2I,2J and P 2I,2J amplitudes we have
where the indices (2I, 2J) remind of the isospin I and the spin J of the partial waves. The recoil asymmetry vanishes unless different amplitudes interfere. Thus,
where |A| 2 represents the angular distribution and P |A| 2 / sin Θ an observable proportional to the recoil polarization parameter P .
The interference of 1/2 − and 1/2 + waves leads to a dependence of the differential cross section linear in z while the recoil asymmetry multiplied by the differential cross section and divided by sin Θ should be flat. The interference of 1/2 − and 3/2 + also produces a flat distribution for P |A n | 2 / sin Θ while the differential cross section has a z 2 term. The interference between the 1/2 + and 3/2 + waves provides a symmetric differential cross section and a P |A n | 2 / sin Θ distribution proportional to z.
The F 37 wave is one of the dominant waves in the π + p → K + Σ + reaction. Its amplitude can be cast into the form
and the amplitude squared:
Its interference with one of the S-or P -waves, written in the form P |An| 2 sin Θ , is calculated to
2.4 Features of the data in the threshold region
In a first attempt we try to identify evolving features of the data without or with minimal use of the partial wave analysis. The differential cross section for the reaction π − p → K 0 Λ is shown in Fig. 1 . We mention that resonances which may be observed in this reaction belong to the nucleon excitation series; ∆ resonances do not couple to ΛK. The observable P dσ/(dΩ sin Θ) in the region near threshold is shown in Fig. 2 . To construct this observable the differential cross section was taken from the result of the fit shown as curves in Fig. 1 . We use the differential cross sections from the fit to avoid additional statistical fluctuations. Of course, a numerical summation of the differential cross sections would result in very similar distributions. Hence the distributions in Fig. 2 can be considered as purely experimental ones. Several observations can be made:
1. From the threshold region up to ≈1750 MeV, the angular distribution (dσ/dΩ) rises nearly linearly in cos Θ due to the interference of S 11 and P 11 waves (see eq. 10a). 2. There is a small quadratic part, indicating contributions from the P 13 wave (eq. 9c) or from the interference of S 11 and/or P 11 with the P 13 wave (eqs. 10b, 10c).
3. Above 1850 MeV the angular distribution has a strong 1 + 3 cos 2 Θ contribution signaling a large P 13 wave (eq. 9c), and a linear part due to interference with the S 11 wave (eq. 10b). 4. Near threshold, the P dσ/(dΩ sin Θ) observable is non-zero, almost flat, and shows a small linear rise. The flat part indicates interference between S and P -waves (eqs. 10a, 10b), the linear rise interference between the P 11 and P 13 waves (eq. 10c). The linear part becomes more significant in the 1650-1725 MeV region. 5. In the region from 1800 to 2000 MeV, the P dσ/(dΩ sin Θ) polarization has a more complicated angular dependence which indicates the presence of higher waves. 6. The form of the angular distribution and of P dσ/(dΩ sin Θ) change rapidly with energy suggesting that resonances play an important role in the dynamics.
These qualitative results are confirmed in the quantitative partial wave analysis which will be discussed below. Here we just emphasize, in Figs [20] and open circles the data from [21, 22] , the curves represent our fit BG2010-02. 
The recoil asymmetry data are from [21, 22] , the curves represent our fit BG2010-02. 
The open circles denote the data from [21, 22] , the curves represent our fit BG2010-02. sured in the experiment [23] is shown in Fig. 4 . There are some systematic deviations in the very forward region. However, there might be a problem with these data points or/and with the given errors. The observable A can be written as 
The open circles denote the data from [23] , the full circles show the mirror points (due to the 2π ambiguity of β), and the curves represent our fit BG2010-02.
At z = ±1, A must be equal to +1 while for the very forward measured points at cos Θ = 0.95 this observable are close to -1. We did not find such an extreme oscillatory behavior of this observable.
The reaction π
In a next step, we discuss the reaction π
In this reaction, all contributing s-channel resonances must belong to the ∆ series. Again, we can draw some qualitative conclusions which do not depend on the partial wave analysis.
The differential cross section for π Fig. 5 and the observable P dσ/(dΩ sin Θ) in the first nine bins is shown in Fig 6. The best evidence for the existence of ∆(1920)P 33 is derived from this reaction.
1. In the threshold region, the angular distribution exhibits two extreme values indicating the presence of a z 3 term, likely due to interference of P 31 or P 33 with the F 37 wave (eqs. 13b, 13c).
The recoil polarization below 1900 MeV is comparatively
small which points at the dominance of one particular wave. 3. The angular distribution prefers P 33 (eq. 9c) compared to P 31 (eq. 9b) as dominant wave. 4. Above 1940 MeV the recoil polarization is large and even approaches the extreme values ±1. Hence there should be two dominant waves; other partial wave distributions are likely small. 5. One of the two waves must be the F 37 wave. In the mass range from 2000 to 2150 MeV, the angular distribution requires J P = 7/2 + and interference with other waves. The partial wave analysis identifies the second wave as 5/2 + wave. 6. The angular distributions and the recoil asymmetry undergo rapid changes. Hence the partial waves must be resonating.
The experimental cross sections, recoil polarization P and rotation parameter β of the Σ + hyperon and the curves result- 
The data are taken from [24] . The curves represent our fit BG2010-02. 
The data are from [24] , the curves represent our fit BG2010-02.
ing from our fits are shown in Fig. 5-8 , for the mass region used in the fits.
The reaction π
This reaction receives contributions from the nucleon and ∆ resonances with masses above 1700 MeV. The contributions of ∆ resonances to π 
The data are from [24] , the curves represent our fit BG2010-02. 
The open circles denote the data from [23] and the curves represent our fit BG2010-02.
constrained by simple Clebsch-Gordan coefficients. Thus these data supply valuable information about nucleon states decaying into KΣ channel and provide a consistency check of the partial wave analysis.
The differential cross section for the reaction π Fig. 9 and the recoil polarization P in Fig. 10 . Data on the cross section are available starting from 1879 MeV only.
In the region 1879-1940 MeV the differential cross section is very similar to that for the π + p → K + Σ + reaction, thus ∆ resonances seem to play the dominant role. Above 1940 MeV, the structure of the differential cross section is rather complicated due to presence of high partial waves, in particular of the F 37 -wave. Unfortunately there are no good data for the recoil asymmetry for this reaction: the errors are too large to provide stringent constraints for the fit. 
The open circles denote the data from [26] ; the curves represent our fit BG2010-02. 
The data are taken from [26] ; the curves represent our fit BG2010-02.
We include a discussion of the reaction π − p → ηn, mainly because of negative parity nucleon resonances, even though these will be discussed elsewhere. Differential cross section were reported in [18, 19, 185, 186, 187, 188] ; however there are large discrepancies between different data sets at least above 1800 MeV. [19] and full squares the data from [18] . The solid curves represent our fit BG2010-02, the dashed curve an earlier fit [184] which was not constrained by data on π − p → ηn.
Here, we fit the precise data from the Crystal Ball collaboration [19] ; for the higher energy region, we use the data from [18] since they are mostly compatible with the Crystal Ball data and can probably be trusted up to 1800 MeV. Fig. 11 shows the angular distributions. They are rather flat in the region below 1500 MeV due to dominance of the S 11 wave. In the region 1600-1800 MeV the angular distribution is very asymmetric, which can come from interference of the S 11 -wave with either the P 11 -or P 13 -wave.
Leading partial wave contributions
These observations are quantitatively confirmed by the partial wave analysis. In this paper, we focuss on P -wave resonances. Of course, negative-parity resonances and higher partial waves are required as well to fit the data. These will be discussed in detail in a forthcoming publication. In Table 6 we provide a list of states which are included in this analysis but not discussed here. Resonances above 2 GeV are mostly introduced to improve the description in the high-mass region even though we do not claim that they really exist. We also summarize, in Table 7, the background contributions used to describe the pionand photo-induced data.
The contributions of the dominant waves to the reaction π − p → K 0 Λ are shown in Fig. 12a . At threshold, the dominant wave is S 11 which decreases fast with increasing energy. Below 1800 MeV, the P 11 wave is the second strongest wave. It shows a clear resonance behavior peaking at 1720 MeV. The P 13 wave increases steadily from threshold reaching its maximum at 1900 MeV.
The two largest contributions to the reaction π + p → K + Σ + are assigned to the P 33 and F 37 partial waves (see Fig. 12b ). When one of the waves is assumed to be non-resonant, angular and recoil distributions cannot be reproduced satisfactorily. a) The total cross section for the reaction π − p → K 0 Λ and contributions from leading partial waves. The full curve shows the integrated fit of the differential cross section from the solution BG2010-02. The full triangles denote the total cross section calculated from [20] and the open circles from [21] , [22] . b) The total cross section for the reaction π + p → K + Σ + and contributions from leading partial waves. The full curve shows the integrated fit of the differential cross section from the solution BG2010-02. The data points show the total cross section calculated from [24] . c) The total cross section for the reaction π − p → K 0 Σ 0 and contributions from leading partial waves. d) The total cross section for the reaction π − p → ηn and contributions from leading partial waves.
The energy dependence of the F 37 wave in this reaction is compatible with the well known F 37 (1950) state. We found only a rather small (below 1%) contribution from ∆(1905)F 35 . The P 33 wave has a maximum in the region 1900 MeV which is expected if the ∆(1920)P 33 state provides a large contribution. The contribution from ∆-states to π − p → K 0 Σ 0 can be fixed, using the isotopic relations, from a fit of the π + p → K + Σ + reaction. These partial waves provide about 70% to the total cross section and contributions from nucleon partial waves are needed to describe the remaining part of the data. In the 1850-1950 MeV region one of the largest contributions is due to the D 13 wave, which decreases fast with energy. This indicates the presence of a resonance with a mass just below the energy region covered by the data. The total cross section and contributions from leading partial waves are shown in Fig. 12c .
The total cross section for π − p → ηn calculated from the fitted differential cross section is shown in Fig. 12d . At low Table 6 . List of the S, D, F , and G-wave resonances used in the combined analysis of the data. Known states are listed by the PDG names. Resonances with a J P subscript are not listed in [7] . Table 7 . Background amplitudes used in the combined analysis of the data.
pion-induced photo-induced
Direct production of final-state particles energies the cross section is dominated by the N (1535)S 11 contribution. The N (1650)S 11 resonance does not provide any visible structure to the S 11 partial wave. In the 1700-1900 MeV region, the P -wave amplitudes describe about 50% of the total cross section. However the lack of polarization information does not allow us to determine them uniquely. There are two sets of solutions (with BG2010-01 and BG2010-02 as best solutions) which lead to rather different amplitudes for the P 11 and P 13 partial waves ( Fig. 13 ) and to different P 11 pole positions (see Table 9 below). In any case, these data impose important limits on the ηN couplings of the P -wave states. 
The new data on the γp → KΛ reaction
The new CLAS data on the γp → KΛ reaction [112] cover a wide mass range and exceed in statistics all previously reported measurements of this reaction. Also the angular range has been extended in comparison with earlier CLAS data. We have therefore decided to use this data set only for the new fits.
The data cover the invariant mass region from the KΛ threshold up to 2.8 GeV. In the present analysis, we use these data up to 2.4 GeV; the higher energy region will be subject of future investigations. At low energies the differential cross sections (see Fig. 14) show an almost linear dependence on cos Θ which can be explained by the interference of S 11 and P -wave amplitudes. An already satisfactory fit of a smaller data set was obtained with the set of resonances reported in [8] . Then we added in the fit, one by one, different resonances parameterized as relativistic multi-channel Breit-Wigner amplitudes. We found a significant improvement from a S 11 state, which optimized at a mass of 1886 ± 10 MeV and 80 ± 15 MeV width. It is remarkably close to the result obtained by Höhler [1] . New double polarization data in this region are urgently needed to provide a final proof for the existence of this state.
We found a notable improvement from two other states: from N (1990)F 17 and N (2190)G 17 , both with masses compatible with PDG values [7] . Both states also help to achieve a good description of the new CLAS data. A full report about properties of the S 11 partial wave and the investigation of the F 17 and G 17 states will be given elsewhere.
The final description of the recoil asymmetry is shown in Fig. 15 . There are significant problems in the low-energy region. These are rather local and would require introduction of new and narrow resonances. We refrain to do so before more convincing experimental evidence exists. Systematic deviations show up in the backward region in the 2120-2250 MeV invariant mass interval. However, we did not find a single resonance which would improve notably the description. It is quite possible that the data indicate the presence of a few new states with different quantum numbers in this region but from the analysis of the present data set, no firm conclusions can be drawn.
The contribution of S and P -waves to the total cross section is shown in Fig. 16 . As before the full curve is calculated by integration of our fitted differential cross sections over the full angular range; the data points are determined from a summation of the measured differential cross sections over the angular range where data exist, the uncovered angular range is taken into account by adding the fit values for the differential cross sections.
The S 11 and P 13 partial waves have a similar strength and both show evidence for two peaks; both partial waves exhibit a threshold effect and rise steeply at threshold. The threshold peaks indicate the presence of resonances close to 1700 MeV. The S 11 partial wave shows a second peak just below 1900 MeV, the P 13 partial wave at about 1940 MeV. The P 11 partial wave is smoother and shows a peak in the 1780 MeV region and possibly a broad shoulder with a possibility of a second structure at or above 1900 MeV.
Discussion of partial waves
In this section, we discuss the individual partial waves, P 33 , P 31 , P 13 , and P 11 , and their resonant contributions. The pole positions of the transition amplitudes between channels i, j = 
are calculated as residues in the energy complex plane and given in Tables 8 and 9 . Note that our helicity couplings A 1/2 and A 3/2 are defined at the pole position and are complex num- Re(pole) 1690
bers. They become real only in the limit of an isolated BreitWigner amplitude representation of a resonance. In spite of the large data base, the partial wave analysis does not converge to a unique solution. Instead, we found two classes of solutions which have rather different imaginary parts for the third P 11 pole: the first set of solutions has a pole at 1860 ± 20 − i55 +15 −5 MeV (the best solution from this class is called BG2010-01) and second set has a pole at 1850 +20 −50 − i180 ± 20 (best solution: BG2010-02). The second solution is well compatible with the result reported in [189] . Within the two classes of solutions, there is a large number of subsolutions which depend on the model details: the number of poles in the P 13 wave has an impact on all fit values. For most resonances, the two classes of solutions give compatible results. Masses, widths, residues and their respective errors for states which are similar in BG2010-01 and BG2010-02 are listed in Table 8 , the states which have different properties are listed in Table 9 . The spread of results in both sets of solutions is used to estimate the errors.
(I)J
This wave is, of course, dominated by the well-known ∆(1232) isobar. This leading resonance is well below the threshold for strangeness production but since the elastic πN scattering and single pion photoproduction data are included in this analysis, the fit returns pole position and Breit-Wigner parameters for this resonance as well. Hence the ∆(1232) parameters are included in Table 8 .
As discussed in the Introduction, the mass region above the ∆(1232) isobar is controversial. Two further resonances, ∆(1600)P 33 and ∆(1920)P 33 , are seen in the analyses [1, 2, 6] and in inelastic reactions [6, 176, 13] while in [3] -which relies on the most extensive set of data on πN elastic scattering -∆(1600)P 33 is observed as broad structure and ∆(1920)P 33 is missing.
We have already reported evidence for the ∆(1920)P 33 resonance by a study of the reaction γp → π 0 ηp [13] . In a coupledchannel analysis of a large set of data [8] , the mass of this state was found to be 1950 ± 40 MeV. The present analysis defines the pole position around 1925 MeV, a compromise between the fit to γp → π 0 ηp and the fit to π
In the 3-pole 6-channel K-matrix fit we find the pole at 1925 ± 40 − i150 ± 25. The pole position and residues for the elastic and transition amplitudes are given in Table 8 . If the two P 33 resonances are excluded from the fit, the differential cross section for this reaction shows systematic deviations. A selection of data in comparison to fit results is shown in Fig.  17 . When one resonance is removed, the fit decides in favor of ∆(1920)P 33 (replacing ∆(1600)P 33 by background terms). The total χ 2 deteriorates significantly even though the effect in Fig. 17 is less visible.
Nevertheless, the ∆(1600)P 33 state plays an important role for the description of all fitted data, too. The pole position was found to be 1480 ± 30 − i120 ± 20 MeV. If this state is excluded, systematic discrepancies are observed in the description of the P 33 elastic amplitude (see Fig. 17c ). Imposing a very large weight on the elastic data we can reproduce the elastic amplitude also without ∆(1600)P 33 . Without ∆(1600)P 33 , the pole representing ∆(1920)P 33 moves to a higher mass and becomes broader. However, this fit fails to reproduce accurately the π + p → K + Σ + data. This is an example for the main point of this analysis: the elastic amplitude may yield a satisfactory solution (in terms of χ 2 ) without introduction of a resonance but the inclusion of inelastic reactions may reveal that resonant contributions are required.
To check the stability of the solution we also introduced a further higher-mass P 33 state, first as a Breit-Wigner resonance and then as forth K-matrix pole. Both parameterizations optimized with a pole at about 2150 MeV mass and 500 MeV width. However, only a marginal improvement was observed in the description of the data. The three pole structure, observed in the P 33 wave below 2 GeV is not in conflict with the SAID energy-independent partial wave amplitude. The comparison of our curve and the result of the SAID energy-independent phase shift analysis is shown in Fig. 18 .
The Höhler solution for the P 33 wave shows a clear structure in the mass region 1600-2000 MeV which is compatible with our finding. We have added for the fits to real-and imaginary part of the amplitude 2% errors below 1500 MeV and 5% errors above. The result of the fit is shown in Fig. 19 . Note that curves in Figs. 18 and 19 represent different fits. However, when the SAID amplitude for the P 33 -wave is substituted by the Höhler amplitude, only the elastic P 33 amplitude changes significantly but other results change very little.
The likelihood is not a direct criterium for the fit quality. More interesting are the changes in likelihood when resonances are removed from the fit and the data refitted. In Table 10 we give, for convenience, changes ∆χ 2 = −2∆(L tot ). Solution BG2010-01 is slightly worse than solution BG2010-02, ∆χ 2 = 152. 
The P 31 partial wave provides only a rather broad contribution to the π + p → K + Σ + reaction with a maximum around 2 GeV. Moreover, we found a very small photoproduction contribution from this wave. First we tried a fit with a two-pole K-matrix parameterization: one pole in the 1600 MeV region and second one in the 2000 MeV region. In the best fit the poles are optimized at 1480 − i90 and 1890 − i220 MeV. The second pole is needed to reproduce the data, and we have no doubts that it exists. The position of the first pole is not well defined by the data, the corresponding K-matrix pole has very large couplings to the two-pion decay channels. If the pole is taken out of the fit and and replaced by non-resonant terms for direct two-pion production, we do not observe a notable change in the quality of the data description. Thus we conclude that the present data base does not provide a proof for the existence of a state with (I)J P = (3/2)1/2 + quantum numbers in the 1500-1800 MeV mass region. The final solution was obtained with one K-matrix pole around 1900 MeV.
The existence of the four-star N (1720)P 13 resonance is, of course, beyond doubt and absolutely required in our fits. Its properties, in particular its N η coupling, are controversial. At about the same mass, N (1710)P 11 can decay into the same final states, and the assignment of decays to one resonance or to the other one can be ambiguous. This is, in particular, true for their N η decays. In [184, 190] , we obtained a better fit to the reaction γp → pη when N (1720)P 13 was introduced as intermediate resonance than by using N (1710) P 11 . This was in contrast to the results reported in [9, 139, 175] who assigned most of the N η intensity to N (1720)P 13 but consistent with [191] .
In the present analysis, data on π − p → ηn are included. The increase in data base now allows us to have contributions from both, N (1710)P 11 and N (1720)P 13 , in the fit without running into fit instabilities. The π − p → ηn data exclude the large N (1720)P 13 → ηN coupling found in [184] (see Fig. 11 ). We confirmed, however, when this data are excluded and only one resonance is admitted, a preference for N (1720)P 13 . The present data sets still do not yield an unambiguous answer for the N η branching ratios. The ambiguity will be discussed below. In any case, the example shows the merits of using a large body of data in a coupled-channel analysis but also that ambiguities can still survive. In particular for such sensitive questions how much intensity one has to assign to specific states, the forthcoming double polarization data on π and η photoproduction are indispensable.
The N (1900)P 13 resonance was first introduced in our analysis [11] . It was required to achieve a good description of the double polarization observables C x , C z [116] in photoproduction of kaon-hyperon final states. The solution predicted very well the data on further double polarization observables, O x , O z , reported one year later [115] .
N (1900)P 13 provides one of the dominant contributions to the γp → KΛ and a notable contribution to the γp → K + Σ 0 total cross sections. In the πN → KΛ reaction the P 13 partial wave has a clear peak around 1900 MeV. If the P 13 (1900) state is excluded from the fit, the χ 2 deteriorates significantly. Fig.  20 shows a few examples. The χ 2 change from the four figures is 110, the total χ 2 change 6179. We consider the existence of N (1900)P 13 to be solidly confirmed by the present analysis; splitting into two resonances is a likely possibility.
A mass scan of the P 13 wave in the 1.75-2.1 GeV mass region for selected reactions is shown in Fig. 21 . For the mass scan, the P 13 amplitude was given by one K-matrix pole representing N (1720)P 13 ; above 1.75 GeV the amplitude was parameterized as Breit-Wigner amplitude. The mass was then increased in steps, all other variables were refitted. All mass scans have a clear minimum in the region 1900-2050 MeV, but the behavior of the curve is more complicated than that expected for a single pole. Some minima suggest a resonance mass of about 1900 MeV, others seem to prefer 2000 MeV. Hence we tried fits with a 3-pole 8-channel K-matrix. The fit produces the rather complicated structure in the region 1900 MeV and produced two close-by poles. The first pole is very stable and has a position close to the one reported in [11] . It has an appreciable coupling to the γp channel (see Table 8 ). The second pole is broader and higher in mass. In most solutions it has very small helicity couplings and thus decouples from the photoproduction data. The overall χ 2 change is significant: ∆χ 2 = 6179 when both resonances are removed and ∆χ 2 = 2451 when only one P 13 resonance is removed. There is a possiblity that a more flexible parameterization of the P 13 partial wave can resolve this problem and describe all data with a single pole. However, at present, this double pole structure is needed to achieve a good description of all data. Thus we claim that there are indications for the existence of two close-by states even though the evidence for a double-pole structure is certainly not yet conclusive. The introduction of a fourth K-matrix pole in the region 2100-2300 MeV does not change the picture of the singularities in the 1900 MeV region.
The presence of pole singularities above 1700 MeV is not in conflict with the SAID energy-independent partial wave analysis of the elastic data: our description of the P 13 partial wave is shown in Fig. 22 . Höhler's result for the P 13 wave, shown in Fig. 23 , has no clear structure above 1800 MeV neither. We would like to mention that Höhler's result is appreciably different from the SAID result in the region 1700 MeV: it shows a much narrower structure. The substitution of the SAID amplitude by Höhler's amplitude thus leads to a narrower N (1720)P 13 state and a better definition of the singularities around 1900 MeV. For the fit using Höhler's solution we found helicity couplings and amplitudes residues for N (1900)P 13 to be larger than in the fit to the SAID amplitudes. Hence we increased the final errors in these quantities. Other partial waves were changed very little and the corresponding values are included in the errors.
The position in the complex plane and the amplitude residues for the two highest P 13 poles are given in Table 8 . In some of our solutions the N (1720)P 13 state has a large coupling to the S-wave N (1520)D 13 π channel which opens fast at the resonance position. As the result, we observe in different Riemann sheets a two-pole Flatte-like structure. For both these poles the closest physical region is at the N (1520)D 13 π threshold and the information extracted from residues of the pole on one sheet can be misleading. However, in most solutions the coupling to N (1520)D 13 π is smaller and residues from the pole closest to the physical region provide the characteristics of this state. These values are given in Table 9 .
The P 11 wave has a maximum in the π − p → K 0 Λ reaction at 1720 MeV which suggests a contribution from the N (1710)P 11 state, the long tail may indicate the need for a further state at even higher mass. We therefore used a 4-pole K-matrix amplitude to fit the data: a first pole at the nucleon mass as Born term, the well known Roper resonance at 1440 MeV, and two further poles.
One pole was found at 1690 ± 25 − i110 ± 15 MeV which we identify with N (1710)P 11 and a second pole representing N 1/2 + (1875), a resonance which was first suggested in [120] . If both resonances are omitted from the fit, the contributions from the P 11 wave to π − p → K 0 Λ and π − p → K 0 Σ become smaller and featureless, and the fit does not reproduce well the differential cross section (Fig. 24a,b ) and exhibits problems with the description of the recoil asymmetry (Fig. 24c-f) .
The description improves when N (1710)P 11 is introduced but the fit also demands the presence of a further pole in the 1870 MeV region: the interference of this state with the N (1710) P 11 resonance provides a correct energy dependence for this partial wave. The visible effect of this additional resonance in the individual plots are small but the overall improvement in χ 2 is significant ( Table 10 ). As mentioned above, there are two equivalent solutions here. In the first solution, N 1/2 + (1875) is a rather narrow state with a small coupling to the πN channel and a rather small helicity coupling. In the second solution this state has appreciable πN and helicity couplings. In both solutions the hadron couplings for the N (1710)P 11 state are found to be very similar, however the helicity coupling differs in sign. Fig. 24 shows the differential cross section, the observable P dσ/(dΩ sin Θ), and the Λ recoil polarization for γp → KΛ for selected bins in the region 1720-1900 MeV. The solid curve represents our full fit with two P 11 states above the Roper resonance, the dashed curve a fit with both these P 11 states removed from the fit and when only non-resonant terms were admitted. The fit with only one P 11 state in the region 1600-2000 MeV produced a pole close to the P 11 (1710) state. Such a fit has a systematically worse description in a large number of fitted reactions and in some places, there are visible systematical deviations (see Fig. 25 ). The inclusion of a third pole at 2100 MeV does not yield a visible effect.
To check stability of the poles we have introduced an additional P 11 state in the higher mass region, first as a BreitWigner state and then as fifth K-matrix pole. Both Breit-Wigner and K-matrix amplitudes produced a compatible result with a pole at a mass around 2100 MeV and a rather large width of about 500 MeV. Although this state provides some improvement for the overall description of the data it also introduces a convergency problem to the fit. So, this state, if it exists, should be confirmed by other data, e.g. by double polarization data and/or data on multi-meson final states. Nevertheless, the state could be the resonance suggested by Höhler [1] and by Cutkosky [2] .
Our conclusions concerning the existence of two P 11 states above the Roper resonance are fully compatible with the data on elastic scattering, with the data from the analysis of Höhler and collaborators [1] as well as with the data from the analysis from Arndt and collaborators [3] . Figure 26 shows the comparison of the real and imaginary parts of our P 11 elastic amplitude with the energy-independent analysis from [3] . In some solutions the fit shows a slight structure above the Roper resonance which arises from the combined analysis of the elastic and inelastic data. However a smooth behavior of elastic amplitude is also compatible with existence of resonances above Roper. The result of our analysis is hardly affected if we substitute the SAID amplitudes by those of Höhler [1] . The only change in this solution are larger πN coupling constants of the two highmass P 11 resonances. We use the πN coupling constants from the two analyses to define the final errors. The data of Höhler and our fit are shown in Fig. 27 . Höhler's data are given without errors. We use 2% errors below 1600 MeV and 5% errors above 1600 MeV
We performed a mass scan of the P 11 wave in the 1.55-2.10 GeV mass region. In this case the P 11 wave was parameterized as two pole K-matrix (nucleon pole and Roper resonance) and one relativistic multi-channel Breit-Wigner amplitude. This amplitude gave the best χ 2 for a Breit-Wigner mass at 1690 MeV and for 300 MeV width. Then, the mass of the Breit-Wigner amplitude was changed in 30 MeV steps, fixed, and all other parameters refitted. The χ 2 changes for 6 reactions with significant contributions from P 11 partial wave are shown in Fig. 28 . All curves have a clear minimum in the region 1670-1700 MeV, including the fit to γp → KΛ [112] . To emphasize the need for a forth P 11 resonance we have split the differential cross section on π − p → K 0 Λ into a low energy region (below 1750 MeV) from [20] , and the high-energy part (above 1750 MeV) from [21, 22] . The low-energy region exhibits a clear minimum at about 1730 MeV; the high-energy part still "sees" the low-mass peak (now at 1650 MeV) but a second minimum in the region 1850-1880 MeV is clearly present.
In Table 11 we collect elastic pole residues of those resonances where our results can be compared with PDG values. In most cases, the agreement is excellent. Only for ∆(1920)P 33 we find an opposite sign, and there are significant differences for N (1710)P 11 in the two solutions BG2010-01 and BG2010-02.
Extraction of the Breit-Wigner parameters
The dynamical Breit-Wigner parameterization of the πN elastic amplitude can be written as: [112] , c) of the differential cross section for the π − p → ηn [18] , of the differential cross section for the π − p → KΛ, separated into lowenergy d) [20] and high-energy e) region [21, 22] 
Here s is the invariant energy squared, g
BW i
is the Breit-Wigner coupling and ρ i (s) is the phase volume for the channel i.
The expressions for the phase volumes ρ i (s) are given in [183] . To extract the Breit-Wigner parameters from the multichannel multi-pole K-matrix parameterization we introduced the following procedure:
First, Breit-Wigner couplings g
were introduced which are proportional to the couplings calculated as residues in the pole (see Table 8 ): -(100 ± 35)
-(85 ± 20)
• BG2010-02 25 -94
• This work 52 -47
• This work 44 -147
where f is a global scaling factor for all decay channels. This factor as well as the Breit-Wigner mass are chosen to match the Breit-Wigner pole and the pole of the full amplitude resulting from the fit. Then, helicity Breit-Wigner couplings were calculated to reproduce the helicity residues in the pole position. Yet, in the case of rapidly increasing phase volumes, the BreitWigner mass and width are not easily compared with results of other analyses. Therefore we also introduced an effective Breit-Wigner mass which corresponds to the maximum of the squared πN → f inal state transition amplitude, and an effective width which corresponds to the full width half maximum of the squared-amplitude distribution. Further, we report the absolute value of the amplitude at the value of the effective mass.
In the case of a simple Breit-Wigner amplitude, these numbers correspond to the mass, width and square root of the product of initial-and final-state branching ratios. The corresponding numbers for the P -wave resonances are given in Table 12 -14. The effective mass can be well above the true pole position, in particular in final states with a rapidly increasing phase volume.
Discussion and conclusions
The classical path to explore nucleon and ∆ resonances is the energy-independent partial wave analysis of elastic πN scattering data. The stakes are high: for a full reconstruction of the scattering amplitudes, required are high-precision data -over the full energy range and with complete angular coverage -(i) on differential cross sections, (ii) on the angular asymme- try of the outgoing pion when the target nucleon polarization is reversed, and (iii) on the polarization of the outgoing nucleon, again over the full energy range and with complete angular coverage. These data do not exist. Hence one needs to rely on further theoretical input. Dispersion relations provide a powerful and flexible tool to constrain the low-energy region by our knowledge of strong interactions at high energies. However, approximations need to be made, and obviously, these approximations have a significant impact on the results. At least, the approximations made in the three classical energy-independent partial wave analyses [1, 2, 3] lead to significantly different amplitudes, at least in several partial waves and above the first resonance in a given partial wave.
Of course, energy-independent partial wave analyses are not the final step to determine the number and the properties of resonances in a particular partial wave. Real and imaginary part of the amplitude have to be fitted within an energy-dependent model which parameterizes resonant and non-resonant terms.
The model tries to describe the amplitudes with a minimum number of resonances; further resonances coupling weakly to N π can always exist. But then, they have to show up in other reactions. In the energy dependent analyses, the total number of nucleon and ∆ resonances suggested by [1, 2] is larger by more than a factor two than in [3] . In [3] , more recent precision data were used and their predictions of the spin rotation parameters agree much better with recent data than those based on the amplitudes from [1, 2] . Thus the existence of many states reported by PDG is seriously challenged.
The difference is very important for our understanding of the baryon spectrum. Quark models predict a large number of resonances in each partial wave. The high-mass resonances are predicted to have small couplings to N π, hence they may be difficult to identify in πN elastic scattering, but it is surprising when only one resonance is observed per partial wave. A modern view questions the usefulness of quarks to describe the nucleon excitation spectrum. Instead, resonances are generated dynamically from the interaction of baryons and mesons. In this approach, excitations above the lowest-mass state in a given partial wave are not necessarily expected. The results of [3] are thus a strong support for the conjecture that quark degrees of freedom may play only a minor role in the spectroscopy of light baryons. We just mention that a modern quarkmodel variant, AdS/QCD, provides a link between perturbative high-energy scattering and spectroscopy (see, e.g. [193] and references therein). In a special variant, AdS/QCD reproduces with surprising precision the full spectrum of nucleon and ∆ resonances [194] , including all those resonances which are challenged in [3] . If these all do not exist, the coincidence between AdS/QCD and data would be extremely fortuitous.
P -wave nucleon and ∆ resonances provide a fruitful area in which the alternatives [1, 2] and [3] can be tested. Above the famous ∆(1232), two further states, ∆(1600)P 33 and ∆(1920) P 33 , were reported in [1, 2] ; ∆(1920)P 33 is absent in [3] . There is no N (1710)P 11 above the Roper resonance in [3] and no N (1900) P 13 . The four-star ∆(1910)P 31 is required in [1, 2] , and is questionable in [3] .
In this paper, we reported evidence for these debated states from a coupled-channel fit which includes inelastic reactions. We have studied the mass spectrum of P -wave nucleon and ∆ resonances in a coupled-channel analysis of a large body of data on pion-and photo-induced reactions. Individual partial waves are typically described by 6-channel K-matrices with up to five poles. The coupled-channel fit minimizes the number of parameters needed to represent resonant and background contributions. The πN elastic amplitudes from energy-independent partial wave analyses are included in the data base. Hence we fit the same data as [1, 3] but in our fits, the inelasticities are no black box but constrained by data from pion-and photoinduced inelastic reactions in which the final states are fully reconstructed. Particularly useful are here data on hyperon production. Λ and Σ baryons produced in a reaction reveal their polarization state in their decay. In recent experiments on photoproduction of hyperons, polarized photons were used which allow the experiments to study the polarization transfer from the initial to the final state. These experiments are phase sensitive and constrain drastically the final solution. This use of inelastic reactions is, in our view, a major step forward compared to [1, 3] since in the latter analyses, the inelasticities are not really under control.
The surprising result of our analysis is that the P -wave resonances reported by [1, 2] and challenged by [3] are found with properties which are not very different from those reported by [1, 2] . In particular we confirm existence and properties of N (1710)P 11 and N (1900)P 13 and of ∆(1600)P 33 and ∆(1920) P 33 . We do not find evidence for ∆(1750)P 31 , a resonance not seen by [1, 2] (but in some other analyses) and, last not least, we confirm with good evidence N 1/2 + (1875) [120, 195] and find evidence for a tentative N 3/2 + (1975).
